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This paper presents a study on optimizing the solar multiple for integrated solar combined cycle (ISCC) systems with 
direct steam generation (DSG). ISCC systems with different solar multiple values are studied, for which the 
performance is characterized under design-point and annual conditions. Based on the annual plant performance,
levelized cost of electricity (LEC) with different solar multiples are determined and compared. Therefore an optimum 
solar field size, i.e. solar multiple, which gives the minimum LEC, for the ISCC plant could be obtained.
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Abstract
1. Introduction
Integrated solar combined cycle (ISCC) systems coupling with direct steam generation (DSG)
technology are considered a very promising alternative to solar-only power generation systems. ISCC-
DSG has a higher net solar-to-electricity efficiency and lower investment cost than solar only system has
[1-2]. ISCC-DSG usually does not require thermal storage or fossil fuel-based back-up when direct 
normal irradiance (DNI) is low or nil because the basic power output level could be assured in the system. 
However, like all other solar systems, the performance of ISCC system depends on solar radiation that
varies a lot. The systems would be running under part-load conditions sometimes, resulting in a
compromise of the system efficiency. 
In order to accomplish nominal power output for a longer time period, the solar field is normally 
oversized. The degree of oversize is termed as solar multiple which is defined as the ratio of the thermal 
power produced by the solar field to that required by the power block at design point. It is a prime 
parameter to be determined at the designing stage. If the solar multiple chosen is too big, it would cause 
collected solar heat wasted without thermal storage and unnecessary high investment costs. A small solar
multiple would make the system work under part-load condition severer and longer. This paper conducts
an analysis of optimizing the solar multiple for an ISCC-DSG system with or without thermal storage.
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Solar multiple ranges from 1 to 1.5, and the annual performances of each case with/without thermal 
storage have been simulated. Then the levelized cost of electricity (LEC) is calculated and compared for 
all scenarios considered.
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Fig. 1. Schematic diagram of the proposed ISCC-DSG power plant
2. Annual performance analysis
2.1. Main assumptions
The ISCC-DSG plant adopted is configured based on a reference combined cycle gas turbine (CCGT).
The reference CCGT plant consists of a General Electric 7FA gas turbine, a dual-pressure, single reheat 
steam turbine and heat recovery steam generator (HRSG). Two-stage (different pressure level) DSG solar 
fields is introduced into the reference plant to supply latent heat for feedwater vaporization. The proposed 
ISCC-DSG system is shown in Fig.1.
The ISCC-DSG system with different solar field size (solar multiple) is simulated by using the ASPEN 
PLUS code. The solar field is an array of parabolic trough direct steam generation (DSG) collectors of 
ET-150 (Euro trough collectors).The location selected for this investigation is Yulin, in Shaanxi province,
China. The DNI of the design point is set to be 800W/m2. The main technical parameters for the collector 
loop and assumptions for the simulation are given in reference [3].
2.2. Performance analysis and comparison
The simulated annual performance of the proposed ISCC-DSG system without thermal storage is
shown in Table 1. As the gas turbine is assumed to work at full load all the time, the annual fuel 
consumption is a constant. When solar multiple increases, the annual solar thermal energy input becomes 
greater, leading to more annual electricity production, and higher annual full load operation hours.
(defined as the ratio of annual electricity production to the system net power output at nominal 
conditions). This is because with bigger multiple, solar heat collected could still reach the required 
threshold to run the power block, even when the DNI is below the designed value (800W/m2
Table 1. Annual performance simulation results for systems without thermal storages
). As a result, 
longer full load operation times could be realized. The annual solar-to-electricity efficiency and annual 
fossil fuel saving ratio also increase with the enhancement of the solar multiple since the increase in 
annual electricity generation dominates. Notably, from the annual net thermal efficiency point of view, 
the optimum solar multiple is 1.3 for the ISCC-DSG system, which gives the peak annual net thermal 
efficiency (54.093%).
Parameters Solar multiple
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1.0 1.1 1.2 1.3 1.4 1.5
Annual fuel consumption [GWh] 7012.2 7012.2 7012.2 7012.2 7012.2 7012.2
Annual solar thermal energy input [GWh] 395.01 505.47 569.39 625.44 696.74 743.2
Annual electricity production [GWh] 4001.1 4061.6 4097.9 4131.5 4162.9 4191.6
Annual full load operation hours [hour] 6760.5 6862.9 6924.1 6980.8 7033.9 7082.4
Annual solar-to-electricity efficiency [%] 8.3756 10.721 13.034 14.669 15.353 16.367
Annual fossil fuel saving ratio[%] 1.3842 2.3147 3.1793 3.9653 4.6911 5.3421
Annual net thermal efficiency [%] 54.016 54.028 54.051 54.093 54.001 53.947
A larger solar multiple for ISCC-DSG plants without thermal storage may lead to solar thermal energy 
collected wasted and causes high capital costs. If a thermal storage is equipped, not only could the full 
load operation time be extended, but also additional electricity would be generated from the stored solar
heat even when solar radiation is not available. Table 2 exhibits the annual performance results of a
proposed system with thermal storage. It can be seen that the system with thermal storage presents better 
thermodynamic performance than that without thermal storage at the same solar multiple since the surplus 
solar thermal energy produced can be utilized effectively. The annual net thermal efficiency reaches the 
peak value (54.66%) when solar multiple is 1.2, lower than that for the system with no thermal storage.
Table 2. Annual performance simulation results for systems with thermal storages
Parameters Solar multiple1.0 1.1 1.2 1.3 1.4 1.5
Annual fuel consumption [GWh] 7012.2 7012.2 7012.2 7012.2 7012.2 7012.2
Annual solar thermal energy input [GWh] 668.71 735.58 802.45 869.32 936.19 1003.1
Annual electricity production [GWh] 4196.3 4233.1 4271.4 4306.4 4330.1 4362.6
Annual full load operation hours [hour] 7090.4 7152.4 7217.3 7276.4 7316.3 7371.4
Annual solar-to-electricity efficiency [%] 17.659 18.629 19.549 20.122 19.989 19.804
Annual fossil fuel saving ratio[%] 5.4498 6.2692 7.1125 7.8665 8.3695 9.0543
Annual net thermal efficiency [%] 54.633 54.635 54.659 54.639 54.477 54.429
3. Economic analysis
Bigger solar multiple and thermal storage on one hand may improve the system thermodynamic 
performance, on the other hand, they arouse higher cost, thus the cost effective analysis is necessary for 
overall system. Based on the annual performance, the levelized cost of electricity (LEC), which depends
on the total investment costs, operation and maintenance costs, fuel cost and the annual electricity 
production, could be calculated for all the solar multiples considered. Economic assumptions for 
calculating the LEC are set according to several references [2, 4-6].
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Fig. 2. Electricity cost for every solar multiple without
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Figures 2 and 3 present the LEC as a function of the solar multiple with or without thermal storage,
respectively. It can be seen in both cases there are minimum LEC values existing, corresponding to the 
optimum solar multiple (1.3 for system without thermal storage and 1.2 for that with thermal storage).
Comparing two figures, it can be observed that for a given solar multiple value, LEC is higher for systems 
with thermal storage than that without thermal storage since the thermal storage cost accounts for a 
significant part in the LEC calculation. The optimum solar multiple without thermal storage is higher than 
that with thermal storage.
4. Conclusions
This paper presents an optimization study on solar multiple, for an integrated solar combined cycle 
system with direct steam generation technology (ISCC-DSG). The optimum solar multiple values for 
ISCC-DSG with and without thermal storage have been found, respectively. This investigation which has 
been carried out by using the ASPEN PLUS code, shows that:
1) for the ISCC-DSG systems without thermal storage, the optimum solar multiple is 1.3, which would 
give the peak annual net thermal efficiency of 54.093% and the best LEC of 0.06322 $/kWh;
2) for the plants with thermal storage, the maximum annual net efficiency of 54.659% and the 
minimum LEC of 0.06411 $/kWh could be obtained, when the solar multiple is 1.2;
3) Large solar field sizes i.e. solar multiples, especially those with thermal storage, undoubtedly 
prolong the system full load operation hours and thus improve system thermal performance. However, it 
inevitably brings high investment costs. For a given solar multiple, LEC for the system with thermal 
storage is higher than that of the system without thermal storage. Namely, thermal storage is not favorable 
economically for ISCC-DSG plant, which weakens its advantages on overall performance improvements.
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